Abstract
Introduction
Considerable development of motoneurons and their synaptic inputs occurs during the first two postnatal weeks as adult motor patterns are established (Walton et al. 1992; Jamon and Clarac 1998; Lanuza et al. 2002) . Plasticity of synaptic inputs to spinal motoneurons during this perinatal period plays an important role because activity affects motoneuron development (Hockfield and Kalb 1993; Kalb and Hockfield 1994) , dendrite growth (Kalb 1994) , and maturation of motor behavior (Vinay et al. 2000) . Motoneurons in neonatal rat spinal cord can be activated monosynaptically by two fiber systems: a peripheral segmental input via dorsal root (DR) afferents, and a central input via fibers in the ventrolateral funiculus (VLF) (Fulton and Walton 1986; Pinco and Lev-Tov 1993; 1994) . VLF and DR inputs form during late embryonic stages and their monosynaptic responses are mediated via glutamate receptors in postnatal rats (Pinco and Lev-Tov 1993; 1994) .
A prior study in the in vitro spinal cord from postnatal pups up to 1 week of age demonstrated that brief administration of NT-3 could induce an immediate and long-lasting facilitation of the monosynaptic response in motoneurons to DR stimulation (Arvanov et al. 2000) . However, VLF inputs to the same motoneurons were not affected by NT-3. Furthermore, NT-3 affected neither DR-nor VLF-responses in motoneurons recorded from spinal cords of postnatal-week-two pups. These studies also revealed that NMDA receptor (NMDAR) function in motoneurons, which normally becomes subject to Mg 2+ block at resting membrane potential after postnatal week 1, is a requirement for the observed neurotrophin effects (Arvanov et al. 2000; Arvanian and Mendell 2001a; 2001b; Mendell and Arvanian 2002) .
Susceptibility of the NMDAR to Mg 2+ block is an important determinant of NMDAR function at resting membrane potential (Nowak et al. 1984) . In previous work we demonstrated that abolition of this block, by removing extracellular Mg
2+
, reversed the loss of NMDARmediated transmission in the second postnatal week (Arvanian and Mendell 2001b) . In the work reported here, mRNA analysis demonstrated that NR2D is the only NMDAR subunit that exhibits significant decline between the first and second postnatal weeks in the lumbar spinal cord, and immunocytochemistry demonstrated that this decline occurs in motoneurons. Since NR2D is known to confer a relatively low sensitivity to Mg 2+ block to functional NMDARs, and was the only subunit found to decrease in the spinal cord during development, we tested whether enhancement of NR2D protein levels using an HSV viral construct (Finegold et al. 2001; Kakegawa et al. 2003) would restore synaptic function measured at postnatal day 12
(P12) to levels observed earlier in development. Since the action of NT-3 requires functional NMDAR (Arvanian and Mendell 2001), we tested the ability of NT-3 to potentiate the synaptic responses associated with these inputs as a further assay of NMDAR function. To help in evaluating the effects of viral treatment, NMDAR-mediated responses and the effect of NT-3
were also examined in spinal cords form E18 animals, a point soon after synaptic responses are initially observed (Ziskind-Conhaim 1990) .
Some of these results have been reported in abstract form (Mendell and Arvanian 2001; Arvanian et al. 2003 ).
Materials and Methods
These studies were performed with the approval of the Institutional Animal Care and Use
Committee at SUNY Stony Brook.
Electrophysiology: Electrophysiological experiments were carried out in vitro on 67 rat spinal cords removed at E18, P1-5 or P8-15. The rats were anesthetized by placing them on a latex glove lying on a bed of ice (P1/P2), by halothane (P3-P14) or by placing the embryo (E18) in chilled aerated ACSF upon removal from the halothane-anesthetized mother. The spinal cord was quickly removed from the animal and the left hemicord was placed in a chamber superfused with ACSF containing (in mM): NaCl (117), KCl (4.7), CaCl2 (2.5), MgSO4 (2.0), NaHCO3
(25), NaH2PO4 (1.2), dextrose (11), aerated with 95% O2 / 5% CO2 (pH 7.4, 30 0 C) at 10 ml/min. The VLF was dissected free of the spinal cord at T2 (Pinco and Lev-Tov 1994 Fig. 3B (always within 5%).
HSV amplicon vector construction and packaging. Helper virus-free amplicon packaging and virus purification was performed as previously described (Bowers et al. 2000; 2001) . Amplicon virus numbers were determined by assessing both expression and transduction titers as previously described (Bowers et al. 2000; 2001) . Vectors carried the genes for either NR2D (HSVnr2d) or beta-galactosidase (HSVlac), as well as the reporter gene, green fluorescent protein (GFP).
Injection of vectors. Two-day-old Sprague-Dawley rats were anesthetized by hypothermia as above. Under a dissecting microscope, the skin and muscles overlying the L4-L6 vertebrae were separated and retracted, and the underlying spinal cord was exposed. Using a Hamilton microliter syringe with a 33-gauge needle, virus (~ 10 4 viral particles) was injected directly into the L4 and L6 ventral horn (2 injections of 1 µl each) ipsilateral to the side used for recordings.
The muscle and skin were sutured in layers with 5-0 silk sutures. Finally, the skin was closed using Vetbond tissue adhesive (3M Corp.), and the wound was cleaned and covered with sesame oil to prevent rejection of the pup by the mother. Pups were kept warm and were returned to the mother when they became active. Ten days after surgery, the rats were prepared for intracellular recordings as described above.
Gene chip array.
To compare the expression of a large population of genes in the L4-L6 region of spinal cord in 2 and 12 day old rats, we employed Affymetrix (Santa Clara, CA) oligonucleotide arrays (Zhao et al. 2001) . Each group was represented by two replicate samples, using five L4-L6 sections of dissected rat spinal cord per sample and two microarrays. All procedures were performed at the Christopher Reeve Paralysis Foundation/Salk Functional Genomics Laboratory. Total RNA (10 µg) was converted into double-stranded cDNA by using an oligo-dT primer with a T7 promoter (Life Technologies, Inc.). Double-stranded cDNA was extracted with phenol/chloroform and used for in vitro transcription with a T7 RNA polymerase.
The labeled cRNA was purified with RNeasy columns. After calculating the cRNA concentration by using a 260A spectrometer, cRNA was fragmented and used to prepare hybridization cocktail containing oligonucleotides. region of rat spinal cord in 2-and 12-day old rats, as well as in 12-day old rats treated at P2 with HSVnr2d or HSVlac, were confirmed by real-time reverse transcription polymerase chain reaction (real-time RT-PCR). One microgram of total RNA was reverse transcribed using random hexamer priming and AMV reverse transcriptase according to manufacturer protocol (Invitrogen). cDNA pools were diluted 1:5 and 2.5 µl of these diluted samples were analyzed in a standard PE7700 quantitative PCR reaction using a designed NR1-or NR2D-specific primer/probe combination multiplexed with an 18S rRNA-specific primer/probe set (internal control). The NR1 probe sequence was 5'-CGCTGCCACAGTGTACCGCGC-3'; the NR1 sense primer sequence was 5'-TCCTTTCTGCAAGCGAGGAC-3'; and the NR1 antisense primer sequence was 5'-GCCCGTCATGTTCAGCATT-3'. The NR2D probe sequence was 5'-CCTGCAGCTTGGCTCCTCCACAG-3'; the NR2D sense primer sequence was 5'-GTGCTCACACCCAAGGAGAAG-3'; and the NR2D antisense primer sequence was 5'-CCTCAAAAATGACCTGCAACTG-3'. The 18S rRNA probe sequence was 5'- Immunocytochemistry. For the developmental study, P2 and P12 rat pups (n=3 each) from the same litter were used. For the viral-vector study, pups were injected (described above) on P3
with either HSVnr2d (n=3) or HSVlac (n=2), and allowed to survive until P10. The pups were euthanized with halothane and transcardially exsanguinated with heparinized phosphate-buffered saline (PBS), followed by perfusion with 4% paraformaldehyde (PFA) in PBS. The L4-6 spinal cord was then removed and placed in 4% PFA for 1 hour. The cords were transferred to 30% sucrose in PBS for cryoprotection. After equilibration, they were sectioned on a cryostat at 10 µm and thaw-mounted onto double-substrated glass slides (chrom-alum-gelatin and poly-Llysine). Multiple sections from each of the animals were placed on the same slide to ensure that all samples were exposed to the same staining conditions. Slides were stored at -20º C until staining.
The developmental and viral vector studies used similar staining protocols. Sections were thawed and dried at room temperature. Sections were circled with a hydrophobic resin and incubated in a humidity chamber for 1 hour in 1:30 normal donkey serum in PBS with 0.4%
Triton X-100 (GS-PBS-T) to block non-specific binding (viral vector studies used 10% bovine serum albumin (BSA) in PBS-T). All rinses were done in, and antibody solutions diluted in, 1%GS-PBS-T or 5%BSA-PBS-T, as appropriate. Primary antibody incubations were overnight, and secondary antibody incubations were 3 hours. Both studies used 4 µg/ml goat anti-NR2D
antibody (Santa Cruz) detected with 1:100 donkey-anti-goat-AlexaFluor 594 (Molecular Probes), and 1:2000 rabbit-anti-peripherin (Novus Biologicals) which was detected with 1:100 donkeyanti-rabbit AlexaFluor 488 (Molecular Probes; for the developmental study), or 1:100 donkeyanti-rabbit-AMCA (Jackson ImmunoResearch; for the viral vector study). The viral vector study also used 1:1000 chicken-anti-GFP (Chemicon), detected with 1: 300 donkey-anti-chicken-biotin (Jackson) and 1:100 streptavidin-AlexaFluor 488 (Molecular Probes). Slides were coverslipped with a glycerol-based antifade medium.
The ventral horn of the spinal cord was viewed using a Zeiss Axioskop upright microscope with appropriate fluorescence bandpass filters (Omega Optical) and images were captured using a Spot RT camera. All images in each study were captured within 48 hours of completing the staining procedures. It should be noted that pixel intensity values are unitless numbers that vary according to the image capture protocols (filters, magnification, exposure time, etc.). For this reason, all images to be used for fluorescence intensity measurements were captured using exactly the same image capture protocols. NR2D immunoreactivity values from the developmental and viral vector studies cannot be compared because the sections were not stained together, nor were the image acquisition settings the same across studies.
Image analysis was performed on captured images using ImagePro Plus software (Media Cybernetics, Inc.). In both the developmental and HSV studies, outlines were made of motoneurons, which were identified by their expression of the intermediate filament protein
peripherin and the presence of a distinct nucleus. Peripherin has been shown to be expressed nearly exclusively by neurons with processes in the periphery and is an excellent marker of motoneurons (Escurat et al. 1990; Gorham et al. 1990; Terao et al. 2000) . The resulting outline template of identified motoneurons was then applied to the corresponding NR2D images (and GFP images for the HSV study) in order to measure the signal density (total pixel intensity / number of pixels). In the HSV study, only motoneurons that were also determined to have been infected by the vector were included in the NR2D density measures. Criterion for infection was a GFP density that was two standard deviations greater than the mean density of the background signal, measured from multiple areas of ventrolateral white matter.
Statistics: Data from prenatal, first postnatal week and second postnatal week were compared first by carrying out one-way ANOVA. If significant differences were observed between the groups, the Student-Newman-Keuls test was used for pairwise multiple comparisons between them. Pairs of means (e.g., from cells treated with β-galactosidase and NR2D viruses) are presented as Mean ± SD, and were compared using the appropriate Student's t-test. For anatomical data in stained motoneurons, we compared the mean values (e.g., staining density) from the individual animals, i.e., degrees of freedom were derived from the number of animals, not the total number of cells. To determine if NT-3-induced facilitation of VLF responses at E18 is associated with the presence of an NMDAR-mediated component, we examined these synaptic responses under conditions where all known non-NMDA inputs to the motoneurons were blocked pharmacologically. Note that after antagonists of AMPA/kainate, GABAA, GABAB and glycine receptors were added to the superfusate, both DR and VLF stimulation elicited a response in 2mM Mg 2+ that was similar in amplitude to the response recorded in the same motoneuron before the antagonists were applied (Fig. 3A) . This suggests that NMDA receptors mediate a large fraction of the monosynaptic input to motoneurons from DR and VLF in prenatal rats, as previously reported for DR inputs (Ziskind-Conhaim, 1990) , and that NT-3 enhances these NMDAR-mediated responses. This was confirmed by complete abolition of the potentiated response by APV (not shown).
Results

Mg
An NMDAR-mediated response was detectable at P2 in 2 mM Mg We evaluated the sensitivity of the NMDAR-mediated response to Mg 2+ by estimating the average IC 50 (here called K Mg ) (see Methods and Fig. 3B ; numbers of observations given in Fig. 2C ). The value of this parameter during the first postnatal week was about 3 times larger for the response to DR stimulation (1209 µM) (Fig. 3B) Statistical testing of these differences using values of K Mg for the individual experiments (see Methods) revealed a significant decline for the DR input from E18 to P1-5 (p<0.02), and again from P1-5 to P8-15 (p<0.03). K Mg for VLF declined significantly from E18 to P1-5 (p< 0.001), but not from P1-5 to P8-15. Thus, it appears that the NMDA receptors on motoneurons associated with DR input become progressively more sensitive to Mg 2+ block from E18 into the second postnatal week whereas those associated with VLF input reach a plateau during the first postnatal week. This increasing susceptibility of NMDARs associated with DR and VLF synaptic inputs to Mg 2+ block parallels the reduction in NT-3 effects on the AMPA/kainate receptor-mediated monosynaptic responses evoked by these inputs (see Fig. 2A ).
The peak amplitude of the monosynaptic NMDAR-mediated response in solutions containing 100 µM (or lower) concentrations of Mg 2+ (arrowhead in Fig. 3A ] o than the DR response in the same motoneuron (Fig. 3B ).
In addition to blocking NMDAR, increasing extracellular Mg 2+ decreases presynaptic release of glutamate that may have contributed both to the observed decline in the synaptic response with increasing [Mg 2+ ] o (Fig. 3 ) (Kuno and Takahashi 1986 ) and the differences between the Mg 2+ sensitivity of the responses to DR and VLF. We evaluated this possibility by determining the effect of varying Mg 2+ concentration on the AMPA/kainate-mediated monosynaptic EPSPs elicited by DR and VLF stimulation at P2. We chose P2 because this is the age at which significant AMPA/kainate receptor-mediated responses are first observed (Fig. 3A) , and at which the differences in Mg 2+ sensitivity of NMDA responses to DR and VLF stimulation were greatest (Fig. 3B) . We found that these AMPA/kainate responses were equally diminished by increasing Mg 2+ in the range used for the NMDAR experiments (Fig.   4 ), but by an amount that was considerably less than that observed for the NMDAR-mediated response at P2 (Fig. 3B) . Thus although some of the measured decline in the NMDA response was likely due to reduced transmitter release, the differential effects of Mg 2+ on NMDARmediated responsiveness is determined primarily by the magnitude of the Mg 2+ block of NMDARs.
Decline of NR2D subunit in the perinatal period
The degree of Mg 2+ blockade of the NMDAR is dependent upon its subunit composition (Monyer et al. 1994; Burnashev et al. 1995) . NMDA receptors are composed of NR1, NR2A-D and NMDAR-L (NR3A, B) subunits (Sucher et al. 1995; Cull-Candy et al. 2001; Abdrachmanova et al. 2002) . The soma and dendrites of neonatal rat motoneurons express these subunits (Jamon and Clarac 1998). NR1 subunits are essential for the formation of functional NMDA receptors, whereas the other subunits modify receptor properties, including Mg 2+ block (Burnashev et al. 1995; Momiyama et al. 1996) .
To address possible molecular mechanisms of age-dependent changes in the degree of Mg 2+ blockade and corresponding decrease in NT-3-induced plasticity during initial postnatal period, we examined whether the elevated level of Mg 2+ blockade of NMDAR in 2 week old animals was associated with a change in expression of NMDAR subunits. We initially used a micro-array to compare mRNA content in the L4-L6 spinal cord between P2 and P12 rats. Of 8,728 genes assayed, 246 showed statistically significant changes in mRNA expression (criteria described in Methods). Among these was the transcript encoding the NR2D subunit, which decreased between the first and second postnatal week. The expression of other NMDAR subunits did not change significantly during the first two postnatal weeks (Table 1) . Quantitative
RT-PCR analysis confirmed a decrease in the level of NR2D mRNA expression during the first two postnatal weeks with no significant change in NR1 transcript levels ( Table 1 ). The expression of NT-3, as well as the high-affinity trkC and low-affinity p75 receptors, did not change ( Table 1 ), suggesting that developmental changes in NT-3 or its receptor were not responsible for the decay of NT-3-induced plasticity during this postnatal period unless the changes are local ones restricted to terminals of the presynaptic fibers that would not be detected by these techniques.
To determine whether NR2D protein decreased specifically in motoneurons during this period, the density of NR2D protein signal in peripherin-positive ventral horn neurons (motoneurons) was measured in samples from both P2 and P12 rat pups. This assay revealed that motoneurons expressed NR2D at both time points examined, but the mean density of signal decreased significantly with development (P2 = 36.7± 7.4; P12 = 20.4± 4.7; p< 0.05).
Replacement of NR2D using HSV viral vectors
Considering that the presence of NR2D subunits has been reported to make the NMDAR As shown in Figure 5 , delivery of HSVnr2d enhanced the level of expression of NR2D mRNA at P12 by 1.2 fold (p<0.001) compared to controls injected with HSVlac. NR2D protein level and localization were assayed as in the developmental study (above) with the additional limitation of examining NR2D density only in motoneurons that were shown also to have been infected with HSV vector (Fig. 6) . Infection by the virus was determined arbitrarily by the presence of GFP in peripherin positive cells at a level greater than two standard deviations over the mean of the background signal. By this criterion HSV was shown to infect approximately half of the motoneurons (HSVlac = 51%; HSVnr2d = 51%), and clearly infected peripherin negative neurons as well. Mean NR2D protein levels were shown to be significantly elevated in motoneurons from HSVnr2d-injected cords as compared to those from HSVlac cords (HSVlac = 95±6.2; HSVnr2d = 148.7±2.6; p ≤ 0.001).
Functional changes induced by HSVnr2d
HSV-mediated delivery of NR2D induced marked functional changes of synaptic input to motoneurons from treated P12 animals (see Table 2 (Table 2 ). This agrees qualitatively with our anatomical data, which suggest that not all motoneurons were infected by the HSV vector. Quantitatively, the infectivity based on the physiological data was about 70-80% compared with our estimate of 50% from the anatomical data. This difference is not surprising given the assumptions necessary to estimate the anatomical infectivity (signal/noise) and the relatively small numbers of cells available for the physiological determination.
Discussion
The major finding of this study is that intraspinal delivery of viral vectors carrying the signal for NR2D, but not β-galactosidase, prevented the age-associated increase in Mg . It must also be kept in mind that the present experiments were carried out in current clamp and that polysynaptic pathways were also activated which might have obscured the expected difference in decay time.
The gene chip and RT-PCR experiments revealed no change in NR1 gene expression between the first and the second postnatal weeks (Table 1) . We also found no significant differences in the NMDAR-mediated EPSP elicited from either VLF or DR when measured in low Mg 2+ , i.e., with no Mg 2+ block. This suggests that the additional synaptic current required to match the increased electrical load due to the increase in motoneuron size between the first and second weeks (Seebach and Mendell 1996) does not require an increase in receptor gene expression. One possibility is that gene expression is maximal initially, with some receptors, initially extrasynaptic, being incorporated into synapses as the afferent fiber terminals expand and branch to make more synapses on the growing postsynaptic cells.
One of the important conclusions from this and previous experiments in this series (Arvanov et al., 2000; Arvanian and Mendell 2001b) is that the properties of NMDAR on single motoneurons can differ according to their synaptic input. Throughout the perinatal period studied here, NMDARs associated with VLF input are more susceptible to Mg 2+ block than those associated with DR input, presumably due to differences in NMDAR subunit composition (i.e., NR2D). Although our data confirm developmental and input-specific differences in the degree of Mg 2+ block (Fig. 3) , the precise values of K Mg remain uncertain because of the effect of
] o on transmitter release (Fig. 4) . Synapse-specific differences in NMDAR subunits have been reported previously in CA3 pyramidal cells (Ito et al. 1997 ) and on pyramidal cells in neocortex (Kumar and Huguenard 2003) . The finding that NMDAR associated with DR and VLF inputs in the same motoneuron undergo changes at a different developmental age most likely means that the conversion of synaptic NMDAR on motoneurons requires an instructive signal from the presynaptic fibers rather than being determined entirely by the motoneuron itself.
We cannot presently determine whether this signal is activity driven, activity itself, or some trophic factor that is released in a time-dependent manner from the central and segmental inputs to affect the motoneurons in a synapse-specific manner.
Enhancement of the Mg 2+ block of NMDAR in motoneurons during the first 2 postnatal weeks contrasts with findings in lamina II of the dorsal horn where a small NMDAR-mediated response is observed at a membrane potential of -70 mV throughout the first 2 postnatal weeks (Bardoni et al. 1998; Garraway et al., 2003) . This correlates with expression of the NR2D regulatory subunit in adult rats that has been reported to be absent in motoneurons but weakly expressed in lamina II (Tolle et al. 1993) .
Although the functional assays in this study were of motoneurons from rats younger than 15 days old, the results provide "proof of principle" that the age-related conversion of NMDAR to a "silent" mode can be delayed and neurotrophin-induced plasticity of synaptic inputs can be extended by increasing NR2D levels. NT-3 is produced in neonatal motoneurons (Yan et al. 1993 ) and its chronic removal in vivo using trkC-IgG reduces the size of the monosynaptic EPSP produced by the DR (Seebach et al. 1999) . Thus, we can infer that NT-3 is likely to contribute to The remaining 5 groups of 4 records in Fig. 3a are organized in the same way: record 1 is dashed; peak (record 2) < peak (record 3) < peak (record 4 
